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Abstract. This study is based on the analysis of the heart sound signals taken from different auscultation areas of three dogs diagnosed with Patent 
Ductus Arteriosus (PDA). The analyses were started by introducing the mathematical substructure of the methods used. Then the 
phonocardiographic signals taken from the three dogs were assessed in terms of time-amplitude (t-a) and frequency amplitude (f-a); subsequently, 
the components of the signals in time-frequency dimensions were examined. As a result of these analyses, the importance of the auscultation area 
and time-frequency examination in the diagnosis of the PDA disease was demonstrated.  
 
Streszczenie.  W artykule zaprezentowano analize shgnałów serca z różnych obszarów ciała trzech psów cierpiących na chorobę Patent Ductus 
Arteriosus. Przeprowadzono analizę harmoniczną sygnałów w dziedzinie czasu. (Czasowo-częstotliwościowa analiza sygnałów serca psów 
cierpiących na chorobę ductus arteriosus) 
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Introduction 

In the 19th century the French mathematician J. 
Fourier demonstrated that any periodic function can be 
represented as the sum of an unlimited number of 
complex exponential periodic functions. 

If we were to express any signal as a function 
dependent upon time in the form of x(t), in order to 
represent this function in the form of various complex 
exponential functions, the function would need to be 
multiplied scalar with the exponential functions and 
summed for the duration of the time interval. The 
formulas below represent the Fourier and inverse Fourier 
transforms respectively [1].  
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After several years, Fourier's ideas were generalised 
and it was found that non-periodical functions could also 
be represented in this way. 

The discrete time x(nT) signal which is calculated by 
the sampling of the continuous time x(t) signal at times of 
t = nT can be represented in terms of unit impulse 
functions as follows: 
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The Fourier transform of this discrete time signal 
gives the signal’s frequency spectrum and helps identify 
which frequency components are more concentrated.  

The discrete time Fourier transform  (DTFT) of 
discrete time signals are defined as follows: 
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DTFT decomposes a discrete time signal into continuous 
frequency components. Therefore, the DTFT of a 
discrete time signal is a continuous function that is 
dependent on frequency.  
DTFT is defined as an infinite summation but the 
summation needs to be finite for the calculation methods; 
Furthermore, the digital signal processor and computers 

used for these calculation techniques also require discrete 
value functions. 
Since, in practice, all signals are defined  by a bounded 
interval, the Fourier transform becomes a finite summation. 
The Fourier transform needs to be calculated for each 
frequency value in this interval, whereas; in order to calculate 
the frequency spectrum of a signal, it is sufficient to take into 
account one period of the discrete time frequency which is 
periodic with  . This basic period of   is divided into N number 
of equal intervals. 
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Consequently, since the Fourier transform values for  number 
of discrete frequency values take the form of  , dependent on  
k variable, it is called a discrete Fourier transform (DFT) and, 
by means of DFT, the Fourier transform for a signal can be 
calculated with arithmetic methods.  
The discrete Fourier transform of a signal is defined as follows 
[2]: 
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It is possible to calculate DFT more quickly by using the    
symmetry and   periodicity properties of the phase factor in the 
Discrete Fourier transform   
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The sample rarefaction in time and sample rarefaction in 
frequency methods which enable this are called the Fast 
Fourier Transform (FFT). With FFT, the calculation load is 
reduced from   level to   levels and therefore, in practice FFT is 
always used[3]. 
The Gabor Transform,  proposed in 1946 by Dr. Gabor who 
worked in the field of communication, enabled  the regional 
frequency analysis of any scanned signal by the shifting in 
time of a constant function defined as a window function, and 
taking the Fourier Transform of  the signal. Thus, the Fourier 
Transform of the windowed signal contains the time 
information in addition to the frequency components of the 
signal. The window function used in the transform is the 
Gaussian function bounded in time and frequency domains. 
With a new algorithm proposed in 1965, the Gabor Transform 
was expanded to the “Short-Time Fourier Transform” (STFT), 
where different window functions are used. This transform 
model constitutes a useful solution, especially for computer 
applications. 
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Short-Time Fourier Transform (STFT) 
     The signal is passed through a defined window in the 
time domain and then the Fourier Transform is applied. 
The window function is shifted on the time axis in a way 
that covers the whole signal; thus the frequency results 
(frequency spectrums)  of the signal in time intervals at 
the width of the window function are obtained. Thus, in a 
way, the change in the signal’s frequency result over 
time, is obtained. The formula which enables the STFT 
transform is given as below [4]: 
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Here; x(t) is the actual signal, w(t) window function, * 

complex conjugate notation,   shift in time. STFT consists 
of the FD of the signal multiplied by a window function. 
For each t and f, a new set of STFT coefficients are 
calculated. Thus, whilst FD is a function of frequency 
only, STFT is a function of both frequency and time and 
STFT in this state is three dimensional (the third 
dimension being amplitude). STFT gains importance if 
the signal is not stationary. In this case, the signal is 
divided into segments which are considered to be 
stationary and the FD of each segment is different. When 
the signal is stationary, the FD of each segment 
becomes the same as (or similar to)  each other and thus 
STFT and FD become the same as (or similar to)  each 
other. 

The window function used in the Short-Time Fourier 
Transform, being of a fixed width during scanning, results 
in the signal’s rapidly-changing high-frequency changes 
not being exactly segmented in the time domain. As a 
solution to this problem, instead of fixed width windows, 
the idea came about of using wide window functions to 
catch the slow changes in the signal and of narrow 
window functions where rapid changes occur; and, as a 
result, the subject of Wavelet Transform Analysis 
emerged. 

The main area where STFT analysis becomes useful 
is the analysis of non-stationary signals. In this way, 
accurate information can be acquired as to how the 
frequency of the signal changes over time, whereas; in 
stationary data, the FD and STFT transform may indicate 
that the frequency components of the signal did not 
change over time or changed slightly [5], [6]. 
STFT of discrete time x(n), n=0,1,…..,N-1 signal 
[10,11,12].        
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And x(n) signal’s spectrogram [7] , 
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Patent ductus arteriosus (PDA) 

The passage (ductus arteriosus) between the two 
main arteries (aorta and pulmonary artery)  of the heart, 
is normally open in developing fetuses , but should close 
following birth; PDA is the condition in which this orifice 
remains open (patent) after birth.  

Since the baby derives oxygen from the mother’s 
blood while in the mother’s uterus, the baby’s blood does 
not need to go to the lungs to be oxygenated. Therefore, 

blood coming into the pulmonary artery (lung artery) passes to 
the aorta through this duct (ductus arteriosus) 
between the pulmonary artery and aorta. Since the baby 
needs to use its own lungs after  birth, blood needs to go to 
the baby’s lungs to be oxygenated and this passage needs to 
close. Normally, this orifice closes when the newborn baby 
takes its first breath. If it does not close completely within 3 
days, PDA is diagnosed [8]. 
In auscultation, wide pulse pressure; a trill in the second left 
intercostal interval (systolic and/or diastolic); pulsus celer et 
altus (rapid, sharp pulse); paradox copulation in the second 
heart sound; continuous (machinery) murmur in the first and/or 
second intercostal interval; outward displaced and/or 
hyperactive left ventricle impulse is heard [9]. 
 
Clinical Applications 
Three year old Shetland breed male dog 
a) Stethoscope Area: Left side base      
Heart Rate    
Bradycardia: No, Tachycardia: No, Normal range: Yes     
Heart Rhythm    
Rhythm Character: Irregular,  Premature Beats: No,     
Long Pauses: No      
Extra Heart Sounds  
Murmur: Yes, Systolic: No, Diastolic: No, Continuous: Yes, 
Gallop: No, Systolic click: No, Other Sounds: No      
Auscultation Diagnosis 
Continuous murmur with small sinus arrhythmia. 
(Continuous murmur audible during all systol and  diastol, 
reduced in diastol). 
 

 

 
Fig.1. Time-amplitude, frequency-amplitude and three dimensional 
time-frequency graphs of the heart sound signals taken from the first 
base area of Application 1 
 

In the t-a graph, a continuous murmur in systol  (reduced 
during diastol) is observed. In the f-a  graph, there are 
frequency components concentrated in the 0-200 Hz band. A 
continuous murmur is also clearly seen in the three 
dimensional spectrogram. 
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b) Stethoscope Area: Left side : apex    
Heart Rate    
Bradycardia: No,  Tachycardia: No, Normal range: Yes    
Heart Rhythm    
Rhythm Character: Regular, Premature Beats: No,     
Long Pauses: No 
Extra Heart Sounds  
Murmur:Yes, Systolic: Yes,Diastolic: No,Continuous:No 
Gallop: No, Systolic click: No, Other sounds: No      
Auscultation Diagnosis 
Light early systolic murmur audible only from the left 
apex 
 

 

 
Fig.2. Time-amplitude, frequency-amplitude and three 
dimensional time-frequency graphs of the heart sound signals 
taken from the apex area in Application 1 
 

In the t-a graph, a light early systolic murmur is 
discernible, albeit with difficulty. In the f-a graph, these 
time frequency components are observed to be 
compressed within approximately the 0-100Hz band. S1, 
S2 and early systolic murmur are discernible more easily 
in the three dimensional spectrogram. 

Since the continuous murmur typical of PDA, seen in 
the base area, does not occur at the  apex, if only this 
area was considered sufficient during auscultation, the 
disease could have been missed. 
 
Three year old Shetland breed male dog 
a) Stated complaint: Gets tired more quickly than normal 
Stethoscope Area: Left side: base      
Heart Rate    
Bradycardia: No, Tachycardia: No, Normal range: Yes    
Heart Rhythm    
Rhythm Character: Irregular, Premature Beats: No,           
Long Pauses: No      
Extra Heart Sounds 
Murmur: Yes, Systolic:No, Diastolic: NoContinuous:Yes    
Gallop: No, Systolic click: No, Other sounds: No 
 

 

 
Fig. 3. Time-amplitude, frequency-amplitude and three dimensional 
time-frequency graphs of the heart sound signals taken from the base 
area in Application 2 
 

 

 
Fig.4. Time-amplitude, frequency-amplitude and three dimensional 
time-frequency graphs of the heart sound signals taken from the apex 
area in Application 2 
 

In the t-a graph, S1 and S2 are not clear but a continuous 
murmur is observed. In f-a, there are frequency components 
distributed over the 0-300 Hz band. However, S1, S2 and a 
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continuous murmur are clearly observed in the three 
dimensional spectrogram. 
 
b) Stethoscope Area: Left side: apex    
Heart Rate    
Bradycardia: No,Tachycardia: No,Normal range: Yes     
Heart Rhythm    
Rhythm Character: Regular,Premature Beats: No, 
Long Pauses: No          
Extra Heart Sounds 
Murmur: Yes,Systolic:Yes,Diastolic: No,Continuous: No      
Gallop: No,Systolic click: No,Other sounds: No 
In t-a, no murmur can be determined during diastol 
except for an early systolic murmur. The f-a graph 
contains frequency components in the 0-120 Hz band. It 
is clearly observed in the three dimensional spectrogram 
that there is no murmur in diastol. 
 
10 year old female domestic shorthair dog 
a)Stethoscope Area: Left side: base      
Heart Rate    
Bradycardia: No,Tachycardia: No,Normal range: Yes      
Heart Rhythm    
Rhythm Character: Regular,Premature Beats: No      
Long Pauses: No      
Extra Heart Sounds 
Murmur: Yes, Systolic: No, Diastolic: No      Continuous: 
Yes, Gallop: No, Systolic click: No 
Other sounds: No 

 

 
Fig. 5. Time-amplitude, frequency-amplitude and three 
dimensional time-frequency graphs of the heart sound signals 
taken from the base area in Application 3 
 
In the t-a graph, a continuous murmur is not seen clearly. 
The f-a graph contains frequency components in the 0-
100 Hz band. S1,  S2 and a continuous murmur are 
clearly observed in the three dimensional  spectrogram. 
 
b) Stethoscope Area: Left side: base    
Heart Rate    

Bradycardia: No,Tachycardia: No, Normal range: Yes    
Heart Rhythm    
Rhythm Character: Irregular, Premature Beats: Yes 
Long Pauses: No      
Extra Heart Sounds  
Murmur:Yes, Systolic: No, Diastolic: NoContinuous:Yes        
Gallop: No, Systolic click: No, Other sounds: No      
Lung Sounds 
Normal: No,  
Abnormal with: 
Crackles: No, Wheezes: No       
Increased BV sounds:Yes, Other: No 
 

 

 
Fig. 6. Time-amplitude, frequency-amplitude and three dimensional 
time-frequency graphs of the other heart sound signals taken from the 
base area in Application 3 
 
In the t-a graph, although S1 appears clearly, S2 is mixed with 
a continuous murmur. The f-a graph shows  frequency 
amplitudes  in the 0-40 Hz band. Large amplitude S1 and 
small amplitude S2 and continuous murmur occurs in the three 
dimensional spectrogram. 
 
Results 
1. PDA type continuous murmur (to and fro) (Fig.7), whilst not 
appearing clearly in t-a and f-a graphs, is clearly observed in 
the three dimensional spectrograms. 
The characteristic of a heart murmur is that it starts 
immediately after S1, peaks  in coupled S2 and reduces 
during diastol. In short, it is the crescendo-decrescendo type 
of murmur covering all systol and diastol and peaking in S2. 

 
Figure.7- To and fro type of continuous murmur observed in PDA 
disease 
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2. The area where the auscultation is performed is 
important in order to observe the PDA type murmur. 
Although the murmur is observed in the base area, the 
murmur in diastol is not observed in other areas, which 
may cause the disease to go unnoticed. 
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